Abstract We critically evaluate some of the key ecological assumptions underpinning the use of nutrient replacement as a means of recovering salmon populations and a range of other organisms thought to be linked to productive salmon runs. These assumptions include: (1) nutrient mitigation mimics the ecological roles of salmon, (2) mitigation is needed to replace salmon-derived nutrients and stimulate primary and invertebrate production in streams, and (3) food resources in rearing habitats limit populations of salmon and resident fishes. First, we call into question assumption one because an array of evidence points to the multi-faceted role played by spawning salmon, including disturbance via redd-building, nutrient recycling by live fish, and consumption by terrestrial consumers. Second, we show that assumption two may require qualification based upon a more complete understanding of nutrient cycling and productivity in streams. Third, we evaluate the empirical evidence supporting food limitation of fish populations and conclude it has been only weakly tested. On the basis of this assessment, we urge caution in the application of nutrient mitigation as a management tool. Although applications of nutrients and other materials intended to mitigate for lost or diminished runs of Pacific salmon may trigger ecological responses within treated ecosystems, contributions of these activities toward actual mitigation may be limited.
Introduction
Over the past century, society has witnessed the precipitous decline of Pacific salmon (Oncorhynchus spp.) populations across much of their native ranges as a result of overharvest, habitat degradation, hatchery operations, and hydropower dams (Lichatowich 1999; Montgomery 2003) , with dramatic ecological, socio-economic, and cultural effects (National Resource Council 1996) . Spawning migrations transport large quantities of accrued nutrients and organic material from marine to freshwater environments which benefit both aquatic and terrestrial biota (Gende et al. 2002) . Extensive studies of the ecological services provided by salmon have informed managers and scientists about their importance to freshwater and terrestrial environments (see reviews by Gende et al. 2002; Schindler et al. 2003; Naiman et al. 2012 ) and motivated widespread efforts to restore or mitigate for the loss of salmon.
Negative anthropogenic impacts on populations of Pacific salmon within the Columbia River basin led to legislation requiring responsible parties to compensate through replacement of functions and values, a practice known as compensatory mitigation (Race and Fonseca 1996; Naiman 2013) . The range of measures taken has been diverse: hatchery supplementation (Waples 1999) ; & Scott F. Collins collscot@isu.edu spilling water at dams (Raymond 1979) ; diversion from turbines (Budy et al. 2002) ; barging of smolts (Ward et al. 1997) ; commercial, sport, and subsistence fishing restrictions and closures; and habitat and nutrient enhancement (Stockner 2003) . Collectively, these actions have been embraced by industrial and societal stakeholders and are used to justify the relicensing of the dams that have contributed to the decline of salmon populations, despite the fact that such ecosystem recovery or restoration measures are costly, prone to controversy, and have varying degrees of success (Williams 2008) . One variety of compensatory mitigation that has been implemented over the past two decades throughout the Pacific Northwest is nutrient mitigation. Fisheries scientists recognized early the important role salmon play in transporting nutrients from marine to freshwater ecosystems (Juday et al. 1932; Nelson and Edmondson 1955) . Nutrient mitigation efforts are rooted in the concept that current habitats that have lost salmon, principally natal spawning grounds and rearing lakes, are less productive than when salmon runs were at historic levels. Therefore, this framework purports that additions of nutrients are necessary to alter the trajectory of these ecosystems back toward a state like that which occurred when salmon spawned in large numbers, and hence, to contribute to conditions conducive to producing high numbers of juvenile salmon (Stockner 2003; Hyatt et al. 2004; Compton et al. 2006) . Nutrients are augmented in a number of different forms, ranging from pelletized and liquid inorganic nutrients, to pelletized fish tissue (commonly referred to as salmon ''analog'') and salmon carcasses that have been translocated (Stockner 2003; Pearsons et al. 2007; . As the use of these tools has increased, publication and citation of studies aimed to determine their ecological effects have also increased (Fig. 1) . These studies report a range of organismal and ecosystem responses to nutrient mitigation efforts (Janetski et al. 2009; Kohler et al. 2012) , raising questions about the efficacy as well as the assumptions underlying this mitigation practice.
Here, we evaluate the assumptions underlying nutrient mitigation and identify potential knowledge gaps, inconsistencies, and agreements between these assumptions and current ecological literature (Fig. 2) . We identified three general assumptions that are made when this mitigation practice is employed: (1) nutrient mitigation mimics the broad ecological roles of salmon, (2) mitigation is needed to replace salmon-derived nutrients to stimulate aquatic production in streams, and (3) food resources in rearing habitats limit populations of salmon and resident fishes. To evaluate these assumptions, we conducted a literature review, identifying studies that quantify the ecological responses of aquatic ecosystems to natural or artificial additions of salmon-derived nutrients (e.g., carcasses, salmon-carcass analogs, inorganic fertilizers) using Web of Science, Google Scholar, and relevant citations from review articles (Gende et al. 2002; Schindler et al. 2003; Roni et al. 2008; Janetski et al. 2009 ). Searches used the following keywords alone and in combination: marinederived, salmon, salmon-derived, subsidy(ies), nutrient, mitigation). Most of the primary literature cited here focuses on Pacific salmon in streams and rivers, yet our conclusions should be pertinent to Atlantic salmon (Salmo salar) and perhaps to other anadromous species as well (Guyette et al. 2013 ). Our intent is to investigate any disparities between the understanding of the ecological role of salmon and the application of that knowledge by scientists and resource managers toward mitigating for the loss or decline of salmon populations. We focus on the inland stage of salmon life history because it is the target of restoration efforts via nutrient supplementation, however, we acknowledge that factors outside the freshwater phase of salmon's life history also influence their populations (e.g., Hankin and Healey 1986; Coronado and Hilborn 1998) .
Assumption 1 Nutrient mitigation mimics the ecological roles of salmon.
The addition of nutrients to freshwater ecosystems as a mitigation effort presupposes that nutrient enrichment takes primacy over other ecological roles played by salmon, and accurately mimics the functional contributions of salmon. Below we evaluate this assumption by addressing 2 questions. First, is nutrient enrichment the only ecological service provided by salmon? Second, do mitigation tools mimic the suite of aquatic-terrestrial linkages that are part of the ecology of naturally spawning salmon? Pacific salmon are important engineers in freshwater ecosystems, modifying habitat, community structure, and ecosystem processes through both disturbance and enrichment (Moore and Schindler 2004; Tiegs et al. 2009 ). For example, disturbance during redd digging can have strong short-term and seasonal effects on stream microbes (Holtgrieve and Schindler 2011; Levi et al. 2013a ). Only 8 % of studies we identified in our literature review directly quantified disturbance by salmon in some fashion (Table 1) . Although natural spawning runs are characterized by both disturbance and enrichment, these phenomena do not always overlap in time or space (i.e., nutrient release continues long after redds are constructed). Moreover, these processes are influenced by species-specific characteristics including spawning densities or habitat preferences. For example, dense concentrations of spawning pink salmon (O. gorbuscha) may have different ecological impacts than do coho salmon (O. kisutch) that spawn more diffusely in the landscape. In addition, the relationship between what constitutes enrichment and disturbance is likely non-linear and dependent upon scale. Disturbance of the streambed may reduce biofilm biomass (Verspoor et al. 2010 , Rüegg et al. 2012 ), yet reductions in biofilm biomass can increase biofilm turnover and, hence, the realized productivity (Cooper 1973; Lamberti and Resh 1983) . Similarly, disturbance may reduce biomass at the local scale of a redd, but release nutrients and organic matter that may have consequences downstream (Moore and Schindler 2004) .
The ecological impacts of salmon in freshwater ecosystems are complex, due to their modification of benthic habitats during spawning, and because their energy and nutrient contributions occur via multiple pathways.
Live salmon excrete metabolic waste (Groot et al. 1995) and re-suspend adsorbed nutrients from benthic substrates into the water column in addition to nutrients released through decomposition of carcasses . Thus, enrichment can be a protracted phase involving both living and dead salmon Janetski et al. 2009 ). Disturbance by live salmon also modifies benthic stream characteristics including sediment size, bed load (Kondolf and Wolman 1993) , flocculent transport (Rex and Petticrew 2008) , standing crops of algae and insects (Peterson and Foote 2000; Moore et al. 2007; Collins et al. 2011) , emergence timing of adult aquatic insects (Moore and Schindler 2010) , ecosystem metabolism (Holtgrieve and Schindler 2011; Levi et al. 2013a) , and nutrient transformations (Levi et al. 2013b ). In some instances, nutrient enrichment and redd-building disturbance interact, altering ecosystem metabolism and the energy balance of the stream ecosystem. For example, dense spawning aggregations of sockeye (O. nerka) reduced biofilms and increased nutrient concentrations, switching the metabolic balance from autotrophic (primary production exceeded respiration) to strongly heterotrophic (respiration greatly exceeded primary production; Holtgrieve and Schindler 2011) . The physical stream environment and spawner density (the combination of which may be dictated by species traits) mediate the short-term net effects of disturbance and enrichment through characteristics including benthic substrate size and hydrology (Janetski et al. 2009; Verspoor et al. 2010; Rüegg et al. 2012) . Based on the understanding described above, salmon have ecological roles in streams that extend beyond the nutrient enrichment associated with the dead bodies of postspawning adults, and nutrient mitigation efforts may overlook these. Disturbance by salmon is an important ecological process, yet there is little consideration of the contributions of disturbance in the context of nutrient mitigation practices. Moreover, singular pulses of nutrients added as part of mitigation actions may not have the same effect as the more protracted enrichment of natural spawning runs in habitats that have been disturbed, and the forms of nutrients delivered as part of mitigation actions may differ considerably from those associated with natural spawning runs. Nutrient mitigation efforts typically focus solely on aquatic habitats and neglect terrestrial food web pathways. Wildlife such as mink (Ben-David et al. 1997 ) and bears (Hilderbrand et al. 2004 ) frequently transport salmon carcasses to the land where they are consumed, assimilated, excreted, and egested, feeding these organisms and further dispersing nutrients to riparian and forest habitats (Koyama et al. 2005; Koshino et al. 2013) . Once in the riparian zone, marine-derived nutrients can facilitate growth and shifts in community composition of riparian plants (Helfield and Naiman 2001; Hocking and Reynolds 2011) , however, the persistence of these nutrients can be rather short-lived and patchy (Holtgrieve et al. 2009 ). Salmon carcasses also provide a subsidy for terrestrial arthropod communities, which can rapidly consume and transform salmon tissue into insect tissue (Meehan et al. 2005; Hocking and Reimchen 2006; Collins and Baxter 2014) . These studies point to the direct effects salmon carcasses may have in terrestrial habitats, yet there has been little exploration of the consequences of these effects for food webs in adjacent habitats.
The effects of salmon carcasses in riparian habitats may feedback to influence organisms in aquatic habitats, including fish. Shifts in vegetation structure, vegetation quality, and community composition may alter the flux of organic material and organisms back to the aquatic environment. Helfield and Naiman (2001) reported the potential for positive feedbacks of increased vegetation growth and arthropod production associated with riparian salmon carcasses (but see critique by Kirchhoff 2003) . Terrestrial invertebrates comprise an important food resource for juvenile salmon (Wipfli 1997; Allan et al. 2003 ; reviewed by Wipfli and Baxter 2010) , and the rate of terrestrial invertebrate input and subsequent effects on fish vary with riparian vegetation composition and structure (Saunders and Fausch 2012) .
Unless explicitly expressed within program proposals, it is unlikely that nutrient mitigation efforts will address aquatic-terrestrial pathways. Some riparian vegetation may benefit from subsurface flows of nutrients added to stream environments (O'Keefe and Edwards 2003), yet many other riparian and upland forest plants lack the root structure to utilize this pathway. Likewise, many riparian organisms (e.g., terrestrial insects) can utilize salmon carcasses only if they are exposed or removed from the stream (Hocking and Reimchen 2006; Collins and Baxter 2014) . If salmon carcasses are added to streams as part of a mitigation program, it is likely that translocation of carcasses to the adjacent terrestrial environment will occur naturally by wildlife. Conversely, if the treatment was the pelletized salmon ''analog'' (Pearsons et al. 2007) , or an inorganic fertilizer (Stockner 2003; ), natural transfer to or consumption in the riparian zone may not occur. Bottom-up effects of salmon-derived subsidies may also extend to terrestrial habitats via the emergence of aquatic insects, which have been shown to transfer a very small proportion of marine-derived nutrients to adjacent riparian zones (Francis et al. 2006) . Indeed, the physical form of a mitigation tool may determine its range of food web effects across both aquatic and terrestrial habitats.
Assumption 2 Mitigation is needed to replace salmonderived nutrients and stimulate primary and invertebrate production in streams.
Perhaps the central crux of the nutrient mitigation problem is linked to the presumption that replacement of nutrients is needed, and that additional nutrients are necessary to sustain increased primary and secondary productivity. We limit our critique of assumption 2 to address three questions. First, should we expect responses to additions of salmon-derived nutrients to be ubiquitous? Second, how important are salmon to overall ecosystem nutrient budgets? Third, do additions of nutrients and carbon increase primary and secondary productivity?
Are the Ecological Effects of Salmon Ubiquitous and Homogeneous?
A multitude of chemical, physical, and biological conditions can affect the ecological outcome and magnitude of salmon-derived nutrient effects in freshwater ecosystems (Wipfli et al. 1999 ). Species-specific characteristics of spawning migrations and habitat preferences influence the magnitude, timing, and location of subsidy delivery within the landscape (Janetski et al. 2009 ). These local patterns are nested within larger regional patterns across the native ranges of salmon species, which encompass both geologic and climatic variability. Responses of dissolved nutrients, algal biomass, and fish physiological characteristics to natural salmon runs vary spatially due to factors such as the size of salmon runs, stream discharge, and sediment size (Ambrose et al. 2004; Verspoor et al. 2010; Rüegg et al. 2012) . For instance, in a recent meta-analysis, Janetski et al. (2009) found that smaller sediment sizes were more prone to negative responses by biofilms and benthic insects to salmon spawners, whereas larger sediments generally had positive responses. Taken together, such findings suggest that effects of natural salmon runs are not ubiquitous, but subject to local, landscape, and regional influences (Rüegg et al. 2012; Bellmore et al. 2014 ). On one hand, this might mean the efficacy of nutrient mitigation approaches are likely to vary across the extensive home Environmental Management (2015) 56:571-586 577 range of salmon, with select watersheds benefitting more than others. On the other hand, there is a tendency for restoration and mitigation practices to be standardized and ignore this variation within landscapes (Hilderbrand et al. 2005) , which may further contribute to the divergent ecological consequences of salmon runs versus nutrient amendments discussed above.
How Important are Salmon to Ecosystem Nutrient Budgets?
Historically, an estimated 160-240 million kg of salmon biomass annually entered freshwater systems across the Pacific Northwest, variably apportioned in space and time throughout the region in association with species-specific traits (Gresh et al. 2000) . Differences in land-use practices, geology, physical characteristics, and atmospheric N deposition influence the rate of nutrient inputs from the surrounding landscape, such that salmon-derived P and N may be more important in some watersheds and less in others ). The annual delivery of these often limiting nutrients and their immediate and longer term bioavailability (e.g., short-term leaching, longer term retention of P in bone) ultimately influences the nutrient status of recipient ecosystems by influencing the ratios of N and P. For example, in tributaries of the Snake and Salmon Rivers in central Idaho where salmon runs have declined, biofilms exhibit strong limitation by both N and P (Sanderson et al. 2009; Marcarelli et al. 2014) , whereas in other regions N or P may be the primary nutrient limiting production. Salmon deliver N, P, and a variety of other trace nutrients and minerals to ecosystems, and ultimately may affect the nutrient limitation status of organisms in recipient ecosystems by influencing the ratios of available N and P. Moreover, the effects of delivered nutrients will vary depending on their form; for example, ammonium-N excreted during spawning will be much more bioavailable than P delivered as bone in a salmon carcass. Finally, nutrient inputs must also be considered in terms of their balance against nutrient export, including those from outmigrating juvenile salmon Kohler et al. 2013 ). For example, Gross et al. (1998) estimated that historic contributions of phosphorus from sockeye salmon migrations only comprised 3 % of the total annual P budget for Redfish Lake (Idaho, USA), in part because of export by smolts. estimated that current P export by juvenile Chinook salmon from the Snake River basin exceeded return by adults in 12 % of years, but Kohler et al. (2013) found that this varied on a stream-bystream basis and that net export occurred when adult spawner abundance fell below a certain threshold level.
Freshwater microbes within salmon-rearing streams and lakes may compensate for nutrient reductions by further shifting the balance between nutrient inputs and outputs. Nitrogen fixation by cyanobacteria (Marcarelli et al. 2008) or by symbionts associated with riparian alder (Helfield and Naiman 2002) can provide an important and frequently overlooked source of N to both streams and lakes that may compensate for decreased N availability from salmon. On the other hand, returning salmon transport a large amount of carbon along with nutrients, which may promote the conditions required for nitrogen loss via denitrification (Pinay et al. 2008) . Both nitrogen fixation and denitrification may be altered by patterns of nutrient delivery and disturbance in response to naturally spawning salmon, as has been observed for nitrification (Levi and Tank 2013; Levi et al. 2013b ); based upon our review and to the best of our knowledge, neither of these microbially mediated nutrient transformations have been studied in the context of salmon nutrient mitigation practices.
Do Additions of Nutrients Increase Primary and Secondary Productivity?
There is a common perception that reduced salmon migrations have led to a decrease in the in situ productivity of organisms in freshwater ecosystems, particularly those organisms that are prey for rearing salmon. Production, by definition, is the accumulation of tissue through time (reported in units of g m -2 year -1 ; Huryn and Wallace 2000). Often, the terms production or productivity are used interchangeably with standing crop or biomass, however, these metrics represent different phenomena. Standing crop is a snapshot of biomass at a given time. In contrast, production is the accrual of biomass over a period of time, and it is common to find that relationships between the two are non-linear (Lobón-Cerviá et al. 2011 ). Only 6 % of studies in our review measured primary productivity, and only 6 % of studies measured the annual secondary production of aquatic insects (Table 1) . In contrast, approximately 45 and 36 % of studies evaluated standing crop and/or density of stream biofilms and invertebrates, respectively. Additionally, 43 % of the studies evaluated the effects of salmon subsidies on stream fishes, primarily at the individual level (i.e., growth rate), and only 4 % measured the effects on the density of salmon. In most cases, these responses (standing crop, density and growth) were quantified over short time intervals, although they were typically quantified in the context of well-constructed study designs (e.g., upstream control downstream, replicated streams). Only rarely did studies ascertain whether effects persisted within or across years, strongly limiting inferences that can be drawn regarding production. The inferences that can be drawn from these short-term measurements may result in misinterpretation regarding persistence of ecological phenomena. Long-term enrichment studies in other contexts have demonstrated that changes to the structure of communities of organisms require many years to occur (Slavik et al. 2004) , well beyond the temporal scope of most salmon-derived subsidy studies.
Direct measures of production responses to naturally spawning salmon are becoming more frequent. For instance, bioturbation of the benthos in streams of Southeast Alaska decreased net primary production in reaches during the weeks when salmon were spawning (Holtgrieve and Schindler 2011; Levi et al. 2013a) . Consequently, during these periods in these reaches, respiration from both salmon and benthic heterotrophs exceeded primary productivity (Holtgrieve and Schindler 2011) , however, these effects appeared to depend on spawner density (Levi et al. 2013a ). To our knowledge, secondary production of the invertebrate assemblage of salmon-rearing streams has been estimated in only three cases (Lessard et al. 2009; Bellmore et al. 2012 Bellmore et al. , 2013 . In streams of Southeast Alaska, invertebrate production was measured for a subset of dominant aquatic insects, and mayfly production was generally lower in reaches that received salmon, whereas production of Chironomidae midges was higher (Lessard et al. 2009 ). This finding suggests that annual production of aquatic invertebrates does not necessarily and uniformly increase with spawning salmon.
The limited number of primary and secondary production estimates across the home range of salmon, particularly in regions wherein nutrient mitigation is ongoing or proposed, signifies a serious empirical weakness underpinning assumption 2, and, hence, the rationale for these management practices. There is a need to evaluate responses of biomass and production of all trophic levels over longer time periods to better understand not only whether salmon-derived subsidies have effects, but more importantly how large these effects are and for how long they persist.
Assumption 3 Food resources in rearing habitats limit populations of salmon and resident fishes.
In the previous section, we identified empirical gaps in the literature regarding primary and secondary productivity estimates. The next assumption is that any increase in invertebrate production will be consumed, that this will translate into higher growth and survival of salmonids, and, in turn, that this will lead to increases in salmonid populations (including anadromous and resident taxa, both of which may be targets for mitigation). Yet, there is a longstanding debate in fisheries science regarding whether rearing salmon and other salmonids are food limited (Chapman 1966; Mason 1976; Wipfli and Baxter 2010) , and evidence suggests that food limitation may vary according to context (Waters 1988; Huryn 1996; Bellmore et al. 2012) . Again, we assess this assumption by asking three questions. First, what are the sources of food that sustain salmon and resident fishes? Second, do responses by individuals (e.g., growth rate, condition) translate to responses at population levels? Third, does productivity of rearing habitats relate to the population dynamics of naturally spawning salmon over long time scales?
What are the Sources of Food that Sustain Salmon?
Rearing salmonid fishes obtain food and energy from multiple pathways including in situ benthic production, as well as subsidies from terrestrial, estuarine, and marine environments (Wipfli and Baxter 2010) . Evaluation of the production of benthic invertebrates versus demand by fish has shown that local invertebrate production is often less than required to sustain fish production, highlighting the importance of these alternative sources of food (Allen 1951; Huryn 1996) . Inputs of terrestrial invertebrates are key energy resources for salmon (Wipfli 1997; Allan et al. 2003) . Headwater tributaries also subsidize salmon with drifting benthic insects and organic matter (Wipfli and Gregovich 2002; Piccolo and Wipfli 2002) . Rearing salmon directly consume high-quality marine subsidies delivered by the previous generation of spawners, including eggs, muscle tissue, and emerging fry (Scheuerell et al. 2007; Denton et al. 2009; Wipfli and Baxter 2010) and indirectly through benthic insect and terrestrial pathways. However, increased invertebrate productivity may not positively affect fish if it is manifested in non-drifting or predator resistant taxa or if it is generated in habitats where fish do not forage. Recent investigations of invertebrate production and food demand by fish populations, including juvenile salmon, were conducted in main channel and floodplain side channel habitats of rivers in Idaho and Washington where salmon and steelhead runs are small compared to historic levels, and revealed that invertebrate production in these habitats generally exceeded fish demand (Bellmore et al. 2012 (Bellmore et al. , 2013 .
The extent to which nutrient mitigation actions may influence the flow of energy to rearing salmonids through aquatic and terrestrial pathways likely varies depending on the form of mitigation tools applied. For instance, liquid or inorganic fertilizers may influence only bottom-up pathways, whereas analog pellets and carcasses affect both bottom-up and direct consumption pathways (Fig. 3) . Stream fishes that directly consume salmon subsidies may be more strongly affected than those receiving salmon nutrients through indirect pathways due to greater stoichiometric similarities between living fish tissue and salmon carcass tissue and more efficient flow of energy through fewer trophic levels (Johnson and Ringler 1979; Scheuerell et al. 2007; Denton et al. 2009 ).
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Do Responses by Individual Fishes Translate to the Population Level?
Nutrient mitigation aims to increase populations of fishes, however, most studies quantify responses at the individual level. In our literature review, studies that quantified fish responses to artificially placed salmon carcasses, salmon analog pellets, inorganic fertilizers, and naturally deposited salmon revealed that approximately 65 % evaluated individual growth rates, condition, or other physiological metrics (Table 1) . Salmon smolts and resident fishes exhibit increased growth rates and condition when salmonderived subsidies are available Scheuerell et al. 2007; Kiffney et al. 2014) , though not in all cases (Shaff and Compton 2009; Harvey and Wilzbach 2010) . Direct consumption of salmon carcass and salmon carcass analog material greatly increases energy intake, resulting in increased growth and/or condition (Scheuerell et al. 2007; Martin et al. 2010) .
Although positive responses to salmon-derived materials may be detected at the individual level, the magnitude of these responses may not translate simply to influence the dynamics of populations. The mechanisms that link these levels are complex, especially for organisms with complicated life histories like salmon, and depend on increased survival throughout the salmon's life cycle and increased fecundity (Chapman 1966) . While individual juvenile salmon may grow more if they are fed more over some time period (e.g., Mason 1976) , many other physical and biological factors may act to constrain Fig. 3 a The flow of energy and nutrients from salmon carcasses is complex. Salmon subsidies directly influence stream consumers like fishes through the consumption of flesh, eggs, and milt. These subsidies can also indirectly benefit in-stream consumers through aquatic (e.g., algae, larval, and adult insects) and terrestrial pathways (e.g., terrestrial arthropods). Salmon carcasses removed to adjacent terrestrial habitats also benefit a suite of terrestrial plants, insects, and animals. b Fish and aquatic invertebrates also directly consume salmon carcass analog (i.e., pelletized salmon tissue), however, analog pellets are not removed to adjacent riparian and upland forest habitats, though terrestrial environments may benefit via insect emergence. c Inorganic fertilizers (e.g., liquid drip, pellet) are neither directly consumed by in-stream consumers nor removed to adjacent terrestrial habitats, but may influence terrestrial environments via insect emergence the expression of this growth in terms of population dynamics, ranging from conditions for over-wintering in freshwater, to outmigration to the ocean. Determining whether fish populations respond to salmon nutrients added either via naturally spawning fish or as nutrient mitigation requires long-term, multi-generation studies, whereas most studies we reviewed measured responses \1-3 years.
Does Productivity of Rearing Habitats Relate to the Population Dynamics of Naturally Spawning Salmon Over Long Time Scales?
Factors that limit populations can be seemingly elusive, and what may constrain a population in one habitat or time period may differ in another. The anadromous life histories of salmon often make it difficult to understand the factors that limit populations because they occupy multiple habitat types throughout their life history (Rabeni and Sowa 1996; Budy and Schaller 2007) . Factors outside of their freshwater phase such as variable oceanic conditions (Pacific decadal oscillation; Mantua et al. 1997; Coronado and Hilborn 1998) and harvest (Hankin and Healey 1986 ) also greatly influence their abundance. Studies that have evaluated population-level responses to additions of nutrients at time scales that encompass the whole-life history of salmon are limited (Wilson et al. 2003; Slaney et al. 2003; Ward et al. 2007 ), yet there is evidence from coastal streams and lakes that additions of nutrients and subsequent increases in invertebrate prey base can positively influence returns of adult salmon (Table 2) . Strong paleolimnological relationships were observed between proxies for primary production and sockeye escapement in Karluk Lake, Alaska (Finney et al. 2000) . Similar analyses of other Alaskan lakes found relationships between historic marine-derived nutrient inputs and primary production (inferred via fossil pigments in lake sediments), however, relationships between primary productivity and subsequent salmon production were not detected (Schindler et al. 2005; Brock et al. 2007 ). Likewise, stocking-recruitment models have indicated that marinederived nutrients can be a poor predictor of sockeye stock productivity (Uchiyama et al. 2008 ). The inconsistent relationships reported between productivity of spawning and rearing habitats and salmon population dynamics suggest that there is great variability among environments. As addressed above, we anticipate productivity to vary spatially as a function of local, landscape, and regional factors (Poff and Huryn 1998) .
Synthesis and Commentary
The ecological effects of salmon migrations are difficult to fully understand and appreciate, let alone artificially duplicate. Treatment of salmon as units of carbon and chemicals for the purposes of mitigation can be readily achieved with a few calculations, yet this abstracts the ecological role of salmon to a detriment. This review of published literature highlighted several key gaps in the empirical science. Yet, this understanding seems to be poorly translated into the practice of nutrient enrichment for mitigation. Disturbance by salmon is an integral ecological process, yet this role is overlooked or downplayed relative to enrichment effects, in large part because disturbance effects would be difficult to replicate. Subsidy form (e.g., dissolved nutrients, inorganic pellet, salmon carcasses) will further determine the number of trophic levels that are directly or indirectly affected. Alternate and simplified subsidy forms like liquid fertilizers have been developed and used in some cases, yet these forms do not replicate the full suite of food web interactions in aquatic and terrestrial environments influenced by salmon. In order to be considered ''mitigation,'' it seems reasonable to expect that salmon numbers should increase in direct response to nutrient additions, particularly in locations where salmon numbers have declined. Our synthesis shows that this has more frequently been assumed than tested. For example, numerous, well-designed studies have demonstrated that salmon-derived nutrients may increase biofilm standing crops (but not always, see Ambrose et al. 2004; Collins et al. 2011 ), but the question remains, do these responses produce enough organic matter to significantly impact higher trophic levels? Additionally, we often focus on benthic invertebrates as the primary food source for salmonid fishes, but inputs of terrestrially derived invertebrates and the direct consumption of carcass material are important components of salmon diets and the effect of nutrient mitigation on this linkage needs to be further explored (Wipfli and Baxter 2010) . Moreover, missing from this framework is any consideration of how local, landscape, and regional factors may mediate responses at any trophic level or consideration of the timing of resource availability (Wipfli and Baxter 2010) . Based on the literature review and arguments laid out here, we judge that the underlying assumptions of nutrient mitigation are largely unsupported due to a lack of empirical evidence, and therefore that scientific feedback is not occurring that might inform improved management practices (Walters and Holling 1990 ; Fig. 2 ). On the basis of our assessment, we recommend caution in the application of nutrient mitigation as a management tool. First and foremost, studies are needed to quantify both primary and secondary production in mitigation and natural spawning contexts to evaluate the potential for effective mitigation. The data gap that exists is troubling, given that much of the conceptual basis for nutrient mitigation depends on productivity. Second, because mitigation is predicated on the assumption that more resources are needed to sustain more fish, more direct tests of this assumption are required (e.g., via estimates of food demand by fishes versus food availability). Third, programs need to account for aquatic-terrestrial linkages, which may require the addition of salmon-derived nutrients to riparian as well as aquatic habitats (Fig. 3) .
Attempting to mitigate without a clear understanding of the limitations will waste money, time, and other resources. Concerns of premature institutionalization of nutrient mitigation may undermine salmon restoration efforts, as has been observed in other situations where restoration techniques have been applied with incomplete understanding of their effectiveness (Roni et al. 2002) . For example, the additions of boulders and large woody debris to retain gravel for spawning habitats are a common tool (Reeves et al. 1991 ), yet there have been no thorough evaluations of whether these additions increase spawning salmon (reviewed by Roni et al. 2002) . Recognition of the limitations of nutrient mitigation, via data and feedback, might yield more realistic goals and expectations. In both science and management, we often distill and simplify complex natural phenomena like salmon. We may acknowledge these as abstractions (e.g., most scientists and fisheries managers do not think of salmon as only ''bags of nutrients''), but if the evidence supporting these constructs is not critically examined, fisheries scientists are likely to err in terms of applying understanding and our decision making. An overemphasis on the ecological effects of only the nutrients derived from salmon and the predominance of a salmon nutrient enrichment paradigm may actually undermine population recovery efforts by diverting limited management resources from addressing other factors that may be more important to limiting salmon populations such as the dams that block salmon migrations.
We conclude with treatment of a final, likely contentious, issue. Is it ethical to receive credit for mitigating if there is reasonable doubt regarding the efficacy of the mitigation practice in question? Simply put, as a scientific community, do we recognize the addition of nutrients as an acceptable means of mitigating for loss or reduction of real salmon runs if we have reason to suspect that the broader ecological roles of salmon are not mimicked or salmon populations may not recover by these actions? It is the responsibility of state, federal, and tribal parties to accurately define mitigation based on current scientific evidence. Loosely defining or interpreting a term like ''mitigation'' undermines attempts to hold accountable parties that have had detrimental effects on resources like salmon and their ecosystems, which is contrary to the intent of mitigation policies. As stewards of natural resources, scientists and managers must continually ensure that mitigation and, more broadly, salmon restoration adhere to current scientific understanding (Lichatowich and Williams 2009 ), that we recognize and question our assumptions and even the associated measures and language we choose to use, and that we ask ourselves the kinds of questions raised here (Moore and Moore 2013) . Nutrient mitigation as a recovery strategy appears to provide an incomplete solution to a complex problem, and may divert focus from larger impediments that could be limiting salmon recovery. From our critique and review, we conclude that there is substantial doubt as to whether or not compensatory mitigation of salmon-derived nutrients should be credited as such, and that key uncertainties must be addressed if it is to be judged a viable mitigation approach.
